This paper presents an application of a GRASP metaheuristic for the optimal allocation of distributed generation (DG) in electric power systems. Four indexes indicating the system performance in normal operation and under contingency were designed to guide the search. The proposed indexes indicate violations in chargeability and voltage limits for different operative scenarios. The objective function consists on minimizing the impacts of single contingencies in the chargeability and voltage profile of a network. To show the applicability and effectiveness of the proposed approach several tests were performed on the IEEE 30 and 57 bus tests systems. Results show that the proposed approach allows to find the allocation of DG that maximizes its positive impacts in terms of voltage profile and chargeability.
Introduction
In recent years there has been a growing interest in distributed generation (DG) motivated by factors that include the cost reduction of small-scale generation technologies, new opportunities in the energy business and a renewed ecological awareness [1] . Some technologies for DG are new and are still in the process of development, while others are mature and in some countries have reached commercial status. Wind and photovoltaic generation can be classified in the latter [2] . The technical and economic benefits of DG have been widely studied in the specialized literature. Among other benefits, DG can contribute to the reduction of power losses [3] , improvement of voltage profile [4] , enhancement of network security [5] and deferment of investments [6] . Also, along with demand response, DG plays a key role in the new paradigm of smart girds [7] .
Given that the potential benefits of DG largely depend on its correct location and sizing, many studies have focused on exploring methodologies to optimize their size and location in power systems. The methodologies proposed in the technical literature can be broadly classified as classic mathematical programming and metaheuristic techniques [8] . The last ones stand out given their ability to deal with non-convex and multimodal problems. Some metaheuristic techniques used for the optimal allocation of DG include genetic algorithms [8] , particle swarm optimization [9] , whale optimization [10] and immune algorithms [11] . A classification of the different techniques used for the location and sizing of DG can be consulted in [8] .
Most of the studies regarding DG are made from the point of view of the distribution network. However, this study analyzes the impact of DG from the standpoint of the transmission network. In this case, it is assumed that the network planner wants to identify the nodes in which the DG is most beneficial to increase the security of the system (measured in terms of post-contingency overloads and violations of voltage limits). To do this, different indices are defined that consider the network in normal condition and under single contingencies, for different operative scenarios.
From the point of view of the transmission network, the aggregation of several DG units, regardless of their technology, can be seen as a reduction in the net demand of a given bus. This reduction is variable depending on the production of the DG units. For simplicity, the reduction of demand has been considered constant. Four indexes are defined to identify the nodes in which the DG can bring more benefits, and a list of candidate nodes to allocate DG units is created. The DG assignment in the candidate nodes is done through a GRASP (Greedy Randomized Adaptive Search Procedure) metaheuristic. Several tests were performed with the IEEE 30 and 57 bus tests systems showing the applicability and effectiveness of the proposed approach.
Methodology
Four indexes, adapted from [12] , are proposed to evaluate the performance of the network in terms of violation of chargeability limits and voltage profile, for normal operation and under single contingencies, considering different operative scenarios. The indexes are used to guide a metaheuristic to find the best nodes where to allocate DG units in order to minimize average violation of chargeability limits and average violation of voltage limits, per operative scenario. Operative scenarios are created by eliminating one centralized generator at a time and equally distributing its original dispatch among the remaining generators. This is meant to take into account variable availability of centralized generation resources. However, any other way of designing scenarios can be considered.
Proposed Indexes

Violation of chargeability limits per line (
): This index is given by (1) and allows to identify the lines that are most overloaded for each scenario and under each contingency. In this case, , and stand for number of lines, contingencies and scenarios, respectively. , , is the apparent power flow of line l, in scenario k, under contingency c, and is the maximum apparent power flow limit of line l. Note that in this case only lines over 90% of chargeability are considered in the index.
(1)
Average violation of chargeability limits per operative scenario (
): This index is given by (2) and allows to identify the scenarios that result in most overloads. Note that is a vector of k scenarios that contains the average overloads of all lines.
Violation of voltage limits per node (
): This index is given by (3) and allows to identify critical nodes in terms of low voltages, both in normal operation and under single contingencies over a specified set of scenarios. In this case, stands for number of buses, , , is the voltage magnitude of bus n, under scenario k, for contingency c; finally is the minimum voltage limit of bus n.
Average violation of voltage limits per operative scenario (
): This index, given by (4), allows to identify the most critical scenarios in terms of low voltages, for normal operation and under contingencies. Note that this index is analogous to , but instead of ranking chargeability, it ranks scenarios with the most critical voltage profiles.
Implemented GASP metaheuristic
The objective of the implemented GRASP metaheuristic is to optimally allocate DG to minimize the violation of chargeability and voltage limits per scenario, given by (2) and (4). The objective function is given by (5) . In this case, the constraints are the load flow balance equations that must be calculated for each operative scenario under each contingency. This is done with the software Matpower [13] .
The implementation of the GRASP metaheuristic is made of three phases: i) preprocessing, ii) constructive phase and iii) local search. These phases are described below.
Preprocessing: in this stage a Reduced List of Candidates (RLC) is defined. Initially, the four indexes described above are calculated. This is done via power flows computed in Matpower [13] . Figure 1 depicts the preprocessing step considering a fictitious 14-bus power system. In step 1 Lcharg and Lvolt are defined. Note that buses 5, 9 and 14 are common in both lists, and they constitute the first elements in LC in step 2. In this case, the first four elements of LC constitute the RLC.
Constructive phase: For a given system, a maximum participation limit of DG is defined. In this case, it is supposed that a previous study has been made to establish such limit. The objective is to allocate DG units in the buses of the RLC. To do this, a maximum limit of DG per node is determined and a node of the RLC is randomly selected to allocate DG. The capacity of the DG unit is also randomly selected within previously established limits. Once a DG unit is allocated in a given node of the RLC, this list is updated taking elements of the LC in its order of criticality. The process is iteratively performed, until the DG participation limit is reached or until there are no more nodes available in the LC. At the end of this stage, a vector is obtained with the nodes where the DG has been located (initial solution). With this information the objective function is evaluated (equation (5)). This value is stored as the incumbent (best current solution). Figure. 1: Illustration of the preprocessing step for a 14-bus power system.
Local search:
In this stage a local search is made in the neighborhood of the proposed solution. A neighbor solution is defined randomly exchanging the DG capacity located in the nodes of the initial solution. The objective function is evaluated for all neighbor solutions and the best one is selected to update the problem's incumbent.
The application of the three phases described above constitutes a GRASP cycle. In this case, the number of GRASP cycles is defined by the user. The DG units are incorporated in the solution vector until an established limit of DG participation is reached. Once several GRASP cycles are performed, the best solution of all cycles is selected.
Tests and Results
To show the applicability of the proposed approach several tests were performed with the IEEE 30 and 57 bus test systems. For all tests a maximum participation of DG equal to 15% of the total demand was considered.
Results with the IEEE 30 bus test system
This system has an installed capacity of 335 MW and a total demand of 189.2 MW. The solutions generated by the GRASP metaheuristic are presented in Figure 2 for the base case (zero) and ten cycles of the algorithm. Note that solutions 1, 3, 6 and 8 considerably improve the objective function. In fact, solution #3 improves the objective function by a factor of 70%. This means that the optimal allocation of DG is effective in reducing post-contingency overloads and improving voltage profile. Note however, solutions 5 and 7 do not considerably improve the objective function which means that the mere presence of DG does not guarantee an improvement in network security. Figure 3 illustrates solution #3, which corresponds to placing 13 MW at node 8, 10 MW at node 18 and 5 MW at node 21. 
Results with the IEEE 57 bus test system
This system has an installed capacity of 1975.9 MW and a total demand of 1250 MW. Figure 4 illustrates the objective function of the solutions found by the GRASP method for the base case (zero) and ten cycles of the algorithm. It can be seen that in all cases there is a considerable reduction of the objective function. An average improvement of 85% is obtained. Figure 5 illustrates the solution corresponding to cycle # 7. Location and capacity of DG units corresponding to this solution are presented in Table 1 . It can be seen that most of the DG units are located in the lower section of the network, which is where the load centers are concentrated. 
Conclusions
In this paper a methodology for the optimal allocation of DG by means of a GRASP metaheuristic algorithm was presented. Four indexes were designed to identify critical nodes regarding violations of chargeability and voltage limits, under different operative scenarios, for normal operation and under single contingencies. To implement the GRASP metaheuristic, a reduced list of candidates based on the most critical nodes of the network was defined. To show the effectiveness of the proposed methodology, several tests were performed on the IEEE 30 and 57 bus test systems. In the first system it was observed that a correct location of the DG can reduce the objective function up to 70%; however, some solutions do not show significant improvements of the objective function. For the IEEE 57 bus test system it was observed that all the solutions proposed by the GRASP metaheuristic considerably improve the objective function (the average reduction of the objective function was 85%). This indicates that the correct location of DG contributes to the reduction of overloads and improves voltage profile, in normal operation and under contingencies. Other metaheuristic techniques, as well as other aspects of DG such as its intermittence will be considered in a future work.
